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Abstract 
This thesis focuses on the development of methodology based on MALDI-TOF mass 
spectrometry for evaluation of molecular weight (MW) and molecular weight 
distribution (MWD) of an extracellular polysaccharide, i.e. Curdlan. Curdlan is a 
commercially available natural bioactive polysaccharide with known anti-tumor 
activities. It is a linear polymer of glucose linked with p-(l—3)-glycosidic bridges. In 
the present study, the crude Curdlan sample was first separated into a low-molecular 
weight water-soluble fraction and a high-molecular weight water-insoluble fraction. The 
water-soluble fraction was analyzed using standard method developed for dextran 
analysis. For the analysis of water-insoluble fraction, various sample preparation 
protocols have been evaluated. A sample preparation method based on depositing the 
analyte with a mixture of 2,5-dihydroxbenzoic (DHB) and 3-aminoquinoline (3AQ) in 
DMSO at elevated temperature of 70°C was found to reliably produce good MALDI 
spectrum and was used in all subsequent MALDI anaylsis. MALDI analysis of water-
insoluble Curdlan fraction gave number-average (Mn) and weight-average (Mw) 
molecular weights of 8261 and 9193，respectively. To estimate the impact of polymer 
polydispersity (P.D.) on mass measurement accuracy in MALDI analysis, several 
additional analytical schemes have been used to analyze the water-insoluble Curdlan 
fraction. 
In all cases, the water-insoluble Curdlan sample was fractionated by gel permeation 
chromatography (GPC) using Sephedax G-75 column. The Mn of these narrow 
distributed polysaccharide fractions was obtained by MALDI-MS. Good linearity was 
found in the calibration plot constructed from the measured Mn-values and the 
ix 
corresponding elution time / volume. The relative quantity of various fractionated 
samples was then measured using four different approaches. These include (a) direct 
MALDI-MS method; (b) direct refractometric analysis; (c) UV-VIS absorption analysis 
of the Aniline Blue stained sample; and (d) GCMS analysis of the hydrolyzed and TMS-
derivatized sample. Using theses quantification results and the retention time to Mn 
calibration graph, the MW and MWD of water-insoluble Curdlan were obtained. Direct 
MALDI quantification of the fractionated Curdlan produced a Mn of 7632 Da and a P.D. 
of 1.08 which are very similar to that of direct MALDI analysis of unfractionated water-
insolutble Curdlan. However, for other methods the Mn and P.D. were found to be 
consistently higher, i.e. 22,000 Da and 1.4，respectively. Our results demonstrated that 
the use of MALDI methods for measuring Mn and P.D. of polydispersed polysaccharides 
with and without fraction were unreliable. However, by standardizing narrow distributed 
polysaccharide using MALDI-MS method, other conventional detection methods were 
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1.1. Structure and Conformation of Curdlan 
Curdlan is an extracellular bacterial polysaccharide produced by Alcaligenes faecalis 
var. myxogenes IOC3 strain. This bacterial polysaccharide was first discovered and 
examined by Harada and his co-workers in 1966•� The name “Cunikm” was used 
because of its thermally irreversible and resilient gelling property at high temperature. 
Since then, several research groups had proposed a number of methodologies to produce 
CurdlanS^’说 Common to most of the proposed methods, a microorganism was cultured 
in glucose, salt-containing and well-aerated medium, where glucose serves as a carbon 
source. After completing the fermentation, the polysaccharide and cells residues were 
homogenized with sodium hydroxide, and precipitated by hydrochloric acid. Finally the 
precipitated polysaccharide was then washed with water and dehydrated by acetone. 
Curdlan is a linear homopolymer constituting of a very high proportion of CI and C3 
glycosidic linked ^ -D-glucose residues. It is a neutral polysaccharide with very low 
solubility in water and in acidic solution. It is however quite soluble in alkaline solution 
such as 0.2 M sodium hydroxide (NaOH)，(5’6) and dissolves well in dimethyl sulfoxide 
(DMS0).(7，8) 
Curdlan exists in gelatin form when suspended and heated in aqueous solution. Gelation 
process takes place when Curdlan is suspended in aqueous solution at 55 °C or above 
and cooled.(9) The strength of the gel formed depends on the heating temperature, pH and 
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type of salts presented in the s o l u t i o n . ( 叫 More specifically, it has also been 
demonstrated that Curdlan exhibits different gelation properties at 60°C and 
When Curdlan suspension is heated up to about 60°C, a weak and easily disrupted low-
set gel is formed. The structure of the gel composes mainly polysaccharide chains in 
single helix conformation.(i3，i4)At or above 90�C，Curdlan forms a resilient and 
transparent high-set gel which has shown to compose of polysaccharide chains in triple-
helical conformation�” 
In solution, three conformations have been identified for Curdlan (or /3 -(1 — 3)D-
glucans). They are single helix, triple helix and random coil forms.(i6)For glucans with 
low degree of polymerization (D.P. < 25), they are soluble in neutral and alkali solution 
with mainly random coil conformation.(i7) For high-mass glucans, they are dissolved 
only in dilute alkaline solution and posses mainly single and/or triplet helix 
c o n f o r m e r s . ( i 8 ) The single helix conformers was also found to convert to triple helix 
conformers with time(i9) Ogawa has studied the conformation transition of 日-(1—3)D-
glucans at different concentration of sodium hydroxide. (2o，2i) Progressive change of 
sodium hydroxide concentrations from 0.19 M to 0.22 M converts the helical structures 
into random coil structure by disrupting hydrogen bonds within and between 
polysaccharide chains. 
(n� 
In solid, Curdlan was found to exist in single helix, triple helix or a mixture of two. 
The percentage of single and triple helical conformers depends on the conditions of 
condensation. Lyophilizing glucans in dimethyl sulfoxide or glucans in neutral solution 
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will transit the triple helix form to single helical chain;(功 whereas lyophilizing Curdlan 
in 8M urea will convert 50% of single helix to triple helical form.(24) 
1.2. Importance of Curdlan 
Curdlan has long been used as food additive in many Asia countries, including Japan. In 
1996, it has got an official approval from the Food and Drug Administration (FDA), 
US(25) and become the third approved polysaccharide for use in fermentation process. 
Due presumably to its specific gelling property, Curdlan has also been used to improve 
food texture, shape and increase the water-holding capacity;^ ^ '^^ ^^ to produce low-calorie 
food;(28) to serve as fat mimetics or replacer/^ '^^ ®^ For chemical applications, it has been 
used as electrophoresis matrices(9，3i) and as a support for immobilizing enzyme.(2i) 
Curdlan has also been tested for controlling drug delivery in vitro and in v/vo/^^'"^ In 
terms of biological activities, Curdlan and its derivatives have been shown to exhibit 
antitumor and chemotherapeutic properties. For instance, Curdlans with reducing 
glucose side chains has been shown to increase antitumor and immunomodulating 
a c t i v i t i e s . ( 3 4 ) Carboxymethylated Curdlan has been shown to express antitumor activities 
through suppressing the growth of bovine artery endothelial cell. Sulfated Curdlan 
has been found to inhibit anti-HIV replication in vitroP^^ and to inhibit the growth of 
parasites in vitro and in vivoP^^ Being a /3-(l—3)-glucan，it is also expected to have 
host-defense biological responses and immunopharmacological activities by activating 
insect pro-phenoloxidase system，）and activating the mechanism of pathogen attacks 
in plants(4o). For instance, both Curdlan, Pachyman derivatives(42’43) and 
Schizophyllarf'^^ have been found to involve exhibit host-mediated antitumor activities. 
3 
All these bioactivities of Curdlan are believed to relate to the molecular weight, 
conformation, degree of branching and also substitution position.⑷，紙 47，48，49，50，5i,52,53,54) 
1.3. Conventional Methods for Determination of MW and MWD of 
Polysaccharides 
Like other polymeric materials, the MW and MWD information of polysaccharide are 
frequently determined by conventionally methods such as laser light scattering (LLS), 
gel permeation chromatography (GPC) and viscometry. 
1.3.1. Laser Light Scattering 
Laser light scattering is a well-established technique used in analysis of polymers. It 
involves transmitting an intense beam of light, i.e. from a laser, through a diluted sample 
solution. The intensity of the scattered light is measured as a ftinction of the viewing 
angle. By analyzing a series of samples of different analyte concentrations, a Zimm plot 
• can be constructed by plotting Kc/Re against sin^ (8/2)+bc，where Kc is the optical 
constant. Re is the scattering intensity at angle 6，b is an arbitrary constant and c is the 
particle weight per unit of particle per unit volume. Extrapolate to zero concentration at 
constant angle and 0° scattering angle at constant concentration giving a set of values of 
K*c/R(6=x) at c二0 and K*c/R(9=0) respectively. The Mw value is the inverse of the 
value of the interception point of these two lines. Generally speaking, methods 
developed based on laser light scattering principle can provide valuable physical 
information of the analyte in the selected solvent, such as molecular weight and solution 
conformation of the polymer. However, the accuracy of the laser light scattering 
measurement depends critically on the proficiency of the sample preparation. The 
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sample must be prepared in very dilute concentration under a dust-free condition. Since 
the intensity of the scattered light decreases sharply with the size of the molecules, 
the accuracy of the laser light scattering measurements decreases with decreasing 
molecular weight of the analyte. This technique is therefore more useful for polymer 
samples with MW in excess of 10^  -lO'' Daltons. 
1.3.2. Size Exclusion Chromatography 
Size-exclusion chromatography (or gel permeation chromatography) is chromatographic 
technique used to separate molecules of different thermodynamic volumes under a 
particular solvent system. It utilizes a column of uniformly packed gels. Within each gel 
particle is a microscopic network of pores. The dimension of these pores depends on the 
manufacturing conditions and can be selected with a range of sizes. For a topic gel 
particle, the sizes of the pores impose restrictions on passage of molecules of 
thermodynamic volumes larger than a cutoff size. Therefore the collective action of a 
column of gel is to provide differential access of molecules of different thermodynamic 
volumes into the gel volume and effect different chromatographic retention for 
molecules of different sizes and conformation. Each gel column has a so-called total 
inclusion limit and a so-called total exclusion limit. Molecules with sizes smaller than 
the total inclusion limit would very likely penetrate all pores along the flow path. They 
would not experience any differential retention and would therefore not be separated. 
Molecules with sizes larger than total exclusion limit would not penetrate any pore and 
would be eluted without any separation as well. Only molecules with thermodynamic 
volumes in between these limits would be separated in time of elution,^ 
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Although size exclusion chromatography has been widely used in characterization for 
carbohydrates and for separation of oligosaccharide mixtures'^ ^ '^^ ^^ it's accuracy is 
limited because of the difficulties in obtaining suitable standards for calibrating the 
molecular weight against the retention time.^) For carbohydrate analysis, synthetic 
dextran has been used as universal calibrant.例）However, it is well-known that the 
hydrodynamic volume of a polysaccharide depends both on the molecular weight and 
the conformation of the polymer chain in the solvent used. The latter is particularly 
difficult to predict due presumably to the complex interactions between and within 
polysaccharide chains, the solvent molecules and other sample constituents in the 
sample, such as salt concentration. Therefore, the accuracy of the measured MW and 
MWD of unknown polysaccharides using dextran as calibrant would not be good’(6i) and 
could only be served as reference values. 
1.3.3. Viscometry 
Viscometry involves the flow rate of a polymer sample in liquid or molten state through 
a narrow capillary tube at a fixed pressure and temperature. It is well known that 
molecular weight of a homologue is related to the viscosity. Increasing the molecular 
weight increases the viscosity. Although the principle of this technique and the 
instrumental requirement are relatively simple, there are several intrinsic problems 
associated with this technique. Precise control of temperature and pressure is needed 
during the analysis due to the strong depending coefficients of the sample viscosity on 
these terms. Like size exclusion chromatography, the absence of suitable calibration 
standards also prohibited accurate measurement of the MW and MWD of unknown 
polysaccharides. 
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1.4. Polysaccharide Analysis using MALDI-TOF-MS 
The use of mass spectrometric method for direct analysis of high-mass molecules (MW 
>10,000 Da) has long been prohibited because of their low volatility and thermal lability 
of the compounds. With the development of two important soft desorption / ionization 
techniques, i.e. electrospray ionization (ESI) and matrix-assisted laser desorption / 
ionization, direct probing of high-mass molecules without prior derivatization or break 
down has become possible. These techniques have been demonstrated useful in analysis 
of a range of thermally labile and high molecular weight compounds, including synthetic 
polymers，(62) peptides/proteins 糊 and DNA fragments.(64) The approach of electrospray 
ionization mass spectrometry (ESI-MS) has not been widely practiced for analysis of 
polymeric materials, including polysaccharides. This is mainly related to the multiple-
charging property of ESI technique. The convolution of polymer distribution and the 
charge distribution of each oligomer would result in an exceedingly complex spectrum. 
Matrix-assisted laser desorption /ionization mass spectrometry (MALDI-MS) is, on the 
other hand, more suitable for analysis of polymers. The formation of predominantly 
singly-charged molecular ions under MALDI conditions has led to a near one-to-one 
conversion of each component in the polymer to the corresponding gaseous ions. 
Therefore, the entire polymer distribution can be represented in a distribution of ion 
peaks with the peak-to-peak difference corresponding to the mass of the repeating units 
of the polymer. 
In comparison with the analysis of other biomolecules, such as proteins and DNA 
fragments, analysis of polysaccharides has generally been considered as more 
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challenging task due presumably to the highly polar functionality (i.e. multiple hydroxyl 
groups), complexity of the structure with multiple branching functionalities within a 
repeating unit, low solubility in aqueous medium, ease of undergo thermal degradation 
and the polymeric nature of the compounds.(65) Many mass spectrometry studies of 
polysaccharide analysis have been reported in literature. However, they were almost 
exclusively related to the MALDI-TOF analysis o f Dextran.(68，69’9i) other related studies 
include analysis of mixture of cyclic P-1-2 glucan, gangliosides, inulin and heparin-
derived oligosaccharides. In any cases, these studies have been limited to compounds 
with molecular weight lower than 15,000 Da.(69) The limited applications of MALDI-MS 
for analysis of polysaccharides has been related the difficulties in obtaining suitable 
experimental conditions. The low solubility of most polysaccharides in neutral or acid 
aqueous medium has limited the choice of solvent s y s t e m s . ^ o " ! ) with usable solvent 
systems, such as DMSO and alkaline aqueous medium, most of the available matrix 
systems have been found to be ineffective in promoting the desorption and/or ionization 
of the analyte molecules. The underlying reason is not well understood. It has been 
attributed to the phase segregation of the matrix and analyte molecules during the drying 
process and the unfavorably alteration of the photochemical properties of the matrix 
molecules prohibiting the necessary charging of the analyte molecules. Similar to the 
MALDI analysis of other polymeric materials, the accuracy of the MW and MWD 
values obtained for polysaccharides would also be affected by factors leading to mass 
discrimination effect. Positive correlation has been established between the accuracy of 
the MW and MWD measurement and the polydispersity (PD) of the polymer sample. 
Polymers with PD higher than 1.2 have been shown to suffer severe mass discrimination 
effect and the MW and MWD obtained were not reliable.^?’?�). Factors causing this mass 
discrimination effect in polymer analysis have been extensive studied which includes 
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detector efficiencies and other instrumental parameters,(74，75) differential solubility of 
oligomers among the polymer samples/^) sample preparation c o n d i t i o n s , a n d data 
processing p r o c e d u r e . 口 ^ ) To resolve the mass discrimination problem, size exclusion 
chromatography (SEC) (or gel permeation chromatography (GPC)) has been coupled 
with MALDI-MS. By dividing the widely dispersed sample into several narrow 
distributed fractions, GPC/MALDI method has been shown to produce molecular weight 
information in good agreement with other conventional methods (e.g. HPSEC-LLS, 
osmometry and L A L L S ) " ^ ^ � 
1.5. Matrix-Assisted Laser Desorption / Ionization Mass 
Spectrometry 
The use of laser in the desorption / ionization of involatile and thermally unstable 
molecules can be traced back to early Direct laser desorption of intact 
biomolecules has long been limited to analytes with molecular weight less than 1500Da. 
Extensive fragmentation was observed for large analyte with limit or no signals 
corresponding to the intact molecular ion. Although the concept of using chemical 
additives as matrix to assist the laser desorption and ionization of larger biomolecules 
has been around for many years, it was until 1988 that Karas and Hillenkamp have 
successfully demonstrated it's potential by successfully desorbing and ionizing intact 
biomolecules with masses in excess of 10,000 Da.(84) Because of the simplicity of the 
experimental protocol and the fast responses of the instrument manufacturers, a large 
volume of studies relating MALDI analysis of biomolecules have appeared in literature. 
Many different forms of MALDI experimental protocols have also been developed for 
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different applications. Pulse lasers with wavelength in both UV (266，355, 377 nm), 
visible (532 nm) and IR (2.94 jum) have been shown to work successfully using different 
matrix systems. Although different types of mass spectrometers have been used in 
conjunction with MALDI technique, time-of-flight mass spectrometer has remained the 
most popular choice because a MALDI ion source produces a pulse of ions that is 
ideally suited to TOF analysers but which is largely incompatible with scanning-type 
analysers such as magnetic sectors or quadrupoles. With this combination (MALDI-
TOFMS), excellent sensitivity down to attomoles has been demonstrated.(85，86) 
In typical MALDI experiments, the "matrix" is generally referred as a special class of 
chemical additives that can absorb and transform the photon energy to promote the 
desorption and ionization of the embedded analyte molecules.(74，87) Figure 1.1 shows a 
schematic diagram of the principle of MALDI. Empirically, any molecules with large 
extinction coefficient in the wavelength of the laser is a potential useful matrix material. 
However, the actual number of useful matrices is a relatively small number in 
comparison to the number of chemicals that have been tested for their effectiveness to 
serve as matrix in MALDI process. Different postulations have been suggested in 
literatures to impose additional constraints. For instance, it has been suggested that the 
matrix molecules should show matrix-isolation effect, i.e. to mix well with the analyte of 
interest and to prevent substantial association or aggregation of the analyte molecules 
during the sample preparation.(？斗’容斗）The photochemistry of the matrix molecules has also 
been suggested to play a vital role in assisting the ionization of the desorbed analyte 
molecules via gas-phase ion-molecule r e a c t i o n s . ( ^ s ) The vacuum stability has also been a 




























Figure 1.1, A schem
atic 
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sublimation loss of matrix would not affect the desorption / ionization processes. 
Since the exact mechanism of the matrix is complicated and is not well understood. The 
search of a new matrix system has mostly been performed by trial-and-error. More than 
a drozen of matrices have been identified. However, only a few of them have been found 
to show general applications for different classes of molecules. Table 1 summarizes 
some of the common matrices used in MALDI analysis. These matrices are sometimes 
referred as universal matrices because of their effectiveness towards different classes of 
compounds. 
Table 1.1. List of universal matrices and their usable laser wavelengths for 
MALDI-TOF-MS  
• , . ^ Absorption  
^ ^ wavelength (nm) 
3-Aminoquinoline (3AQ) Polysaccharides, Proteins 337, 355 
2.5-Dihydroxybenzoicacid Polysaccharides, P r o t e i n s ,如 ^^^ 488 
(DHB) Oligonucleotides, Polymers ， ， 
Sinapinic acid (SA) Polymers, Proteins 337, 355 
3-Hydroxypicolinicacid Oligonucleotides, . . . . . . ”口 . . . 
广 1 ^ . X ZOO, 31)5, JJ /, JJ!) 
(HPA) Glycoproteins, Proteins 
a-Cyano-4.hydroxycinnamic polysaccharides，Proteins 337 
acid (a-CCA) � 
Nicotmicacid(3-PCA) S S S ^ o t e . s 施 
Proteins，Synthetic polymers 337 
2.6-dihydroxyacetophenone Protein, Peptides 337 
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1.6. Outline of project 
The principle objective of the present work was to develop a MALDI-based 
methodology for obtaining reliable information of the MW and MWD of 
polysaccharides. Instead of using synthetic polysaccharides, such as dextran, a naturally 
isolated, bioactive and commercially available polysaccharide, i.e. Curdlan, was chosen. 
Since there appears no precedent MALDI analysis of Curdlan, no reference MALDI 
conditions could be obtained in literature. The first part of the project was conducted to 
search for effective MALDI conditions for Curdlan analysis, including selection of 
matrix and co-matrix materials, solvents, sample depositing methods, data processing 
methods. The relevant experimental results are summarized and discussed in Chapter 
three. The second part of the project involved the quantitative evaluation of the MW and 
MWD of high-mass water-insoluble Curdlan fraction. The low-mass water-soluble 
Curdlan constituted to a minor fraction and had not been considered in details. Several 
approaches have been adopted in the present study to cross check the reliability of the 
MW and MWD obtained. These include direct MALDI analysis of the crude Curdlan, 
direct MALDI analysis of the fractionated Curdlan, UV-VIS analysis of the Water Blue 
stained Curdlan, direct refractrometric analysis of Curdlan and gas chromatography 
mass spectrometry (GCMS) of the hydrolysed and derivatised Curdlan. The 
experimental details and results were summarized and discussed in Chapter 4. The 
instrumental parameters and general sample preparation procedures are reported in 
Chapter 2. Chapter 5 presents the concluding remarks of the present findings. 
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Chapter Two 
Instrumentation and Experimental 
2.1. Instrumentation 
All experiments were conducted using a Bruker-Biflex time-of-flight (TOF) mass 
spectrometer (Franzen, Germany) equipped with a two-stage gridless reflectron mirror. 
Figure 2.1 shows a photograph of the Bruker Biflex time-of-flight mass spectrometer. 
The instrument can be divided into four major components: a vacuum system, a laser-
based ion source, a time-of-flight mass analyzer and a detector and signal acquisition 
system. 
2.1.1. Vacuum System 
The vacuum of the instrument was maintained by a two-stage pumping system. The 
instrument was first evaculated from atmospheric pressure to ~10-2 torr by using a rotary 
pump (E2M1.5, Edwards, Germany). The pressure was further reduced to typically 6 x 
10.7 Torr by a 250 L/min turbomolecular pump (Blazer, Germany). The vacuum 
pressure of the instrument was monitored by a flight-tube mounted ion gauge and the 
backing pressure was measured by a compact Pirani gauge (TPR250, Blazer, Germany). 
All pumps and high voltage suppliers were protected against vacuum failure. 
2.1.2. Laser-based Ion Source 
A nitrogen laser (OEM VSL-337I, Laser Science, Inc., Newton, MA, US,) was used to 
produce pulses of photons at 337 nm with an average pulse energy of 129 )jJ and a 






















Figure 2.1. A photograph 









Figure 2.2. A photograph 
of the laser and the associated 









the Bruker Biflex time-of-flight mass spectrometer. A beam splitter was placed at the 
exit of the laser output to direct �50/0 of the beam energy to a photodiode which in turn 
generates a pulse to synchronize the counting process of the transient digitizer. The 
intensity of the main laser beam was fine tuned by using a circular gradient neutral 
density filter and was focused by using a 500 nm focal length UV lens. A UV mirror 
was used to reflect the laser beam into source chamber and onto the sample target. 
The sample plate which was made of ferromagnetic stainless steel has ten defined 
sample positions arranged in circle. It was positioned on front end (or probe head) of a 
retractable probe by magnetizing the sample plate with a built-in permanent magnet 
underneath the tip of the probe head. To allow the use of high voltage at the sample plate, 
the probe head was insulated from the probe shift with a block of insulator, i.e. PEEK. A 
pair of alignment rods was used to guide the motion of the probe in and out of the source 
region. A gate valve (VAT, Germany) was equipped to separate the probe region from 
the source chamber. The probe region was normally pre-pumped by the rotary pump to 
/y ^ ^ 
�ICT Torr prior to the opening of the gate valve and the insert of the probe into the 
source chamber. A probe-head positioning electrode was mounted on the ion source lens 
stack to allow precision loading of the sample plate for MALDI analysis. The probe-
head positioning electrode was also fitted with a spring loader so that high potential (i.e. 
ISl) could be placed on to the sample plate for acceleration of the MADLI desorbed ions. 
The probe head was attached on to a computer-controlled step-motor for changing the 
sampling positions. 
The ion source was equipped with accessory for delay extraction of MALDI desorbed 
ions. For low-mass ions (MW < 10,000 Da), a short and reproducible delay of tens of 
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nanoseconds was used prior to application of extraction field, i.e. lowering the potential 
of the grided counter electrode from ISl to IS2, to achieve the highest combination of 
ion transmission and mass resolution.(89，9o) For higher mass ions, a progressive longer 
delay time was used. An Einzel lens system was used to focus the extracted ion Steering 
of the ion beam was achieved by a pair of X and Y-deflection plates. The potential of the 
deflection plates were also pulsed from high values to low values after a pre-defined 
delay (with respect to the laser trigger of the photodiode) to intentionally remove the 
unwanted matrix and low-mass ions which would otherwise lower the sensitivity of the 
multichannel plate detector. 
2.1.3. Time-of-flight Analyzer 
Time-of-flight Mass Spectrometry (TOF-MS) correlates the flight times of ions of a 
fixed energy through a predefined distance under field free conditions to their mass-to-
charge ratios (m/z). Figure 2.3 shows a schematic diagram of a linear time-of-flight mass 
spectrometer. In MALDI-TOF experiments, the laser-induced ions are energized by 
accelerating them through a potential energy difference (U) according to the following 
equation: 
fl \ 
K.E. = zeU 咖=-mv" [2.1] 
\ / 
where z is number of charge; e is elementary charge (1.6 x C); Uacc is the potential 
difference between the sample plate and the field free region; m is the mass of the ion in 










































clearly shown that ions with smaller m/z will travel at a higher velocity than ions with 
higher m/z. 
For a simple linear time-of-flight instrument, these translationally activated ions are 
allowed to transverse a long field-free distance before impinging onto a detector. The 
time-of-arrivals (or flight time) of different ions at the detector are then proportional to 
the square root of their mass-to-charge ratios: 
[2.2] 
However, MALDI derived ions are known to have substantial initial desorption energy. 
Together with the uncertainty in the uncertainty in the position and time of ion formation, 
desorbed ions of the same mass-to-charge ratios might have different final velocities (i.e. 
V + Av) in the field free region and might arrive at the detector in different times. A 
reflectron mirror can be used to compensate this flight-time dispersion by creating a 
retarding potential. Figure 2.4 shows a schematic diagram of a reflectron time-of-flight 
mass spectrometer. Ions of the same mass-to-charge ratios will penetrate at different 
depth depending on the final kinetic energies. More energized ions (i.e., higher Av) will 
penetrate deeper into the retarding potential than the less energized ions. The flight time 
dispersion of ions of the same m/z can then be compensated by different penetration 
depth (i.e. the flight path) by using suitable setting of the reflector potentials. In addition 
to the time compensation, the addition of the reflectron mirror also substantially 














































Figure 2.4. A schem
atic 
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The Burker Biflex system used in the present project has a 1.2 m flight tube. The 
reflectron mirror is a two-stage gridless reflector that is mounted at the back of the flight 
tube. The reflectron was not concentric with the ion optical axis and was slightly tilted 
so that the incoming parallel ions will be reflected back with a small angle downward to 
the reflectron detector. The reflectron detector was mounted on top of the 
turbomolecular pump and was at a position slightly lower than the ion optical axis. 
2.1.4. Detector and Data System 
The present time-of-flight system contained both linear and reflectron detectors. Both 
detectors were of multichannel plate (MCP) types of detector with typical 10^ times 
signal amplification. In all the experiments, the electron multiplier potential was set at 
1.72 kV and all mass spectra were recorded on the reflectron-mode. The Bruker software 
XMASS running on an SUN workstation (SPARC 20) was used to control the MALDI-
TOF mass spectrometry measurement, data acquisition and even data processing. 
2.2. Experimental 
2.2.1. Extraction of Water-soluble and Water-insoluble Curdlan 
Crude Curdlan was purchase from Sigma Chemical Co. (St. Louis, MO, USA). It was a 
pale yellowish powder. Separation of the water-soluble and water-insoluble fractions of 
the crude Curdlan was proceeded by suspending excess Curdlan in ultrapure water (18 
M n ) in a plastic tube. The suspension was stirred vigorously by placing into an ultra-
sonic bath and sonicated for about 15 minutes. The suspension was then centrifuged to 
obtain two layers, i.e. a top aqueous layer and a gel-like bottom layer. The top aqueous 
layer was tested for the presence of sugar content by Phenol-sulfuric acid test. For 
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positive result, the aqueous was then collected and the gel-like layer was re-extracted by 
addition of some ultra pure water. This process was repeated until the aqueous layer 
exhibited negative results against Phenol-sulfuric acid test. The gel-like portion was 
finally dissolved in dimethyl sulfoxide (DMSO) (Sigma-Aldrich Laborchemikalien 
GmbH). Yellow powder and white powder were obtained by lyophilized the combined 
aqueous-soluble portion and WATER-Insoluble portion, respectively. 
2.2.2. Fractionation of water-soluble Curdlan samples 
Sephadex G-50 superfine powder (Pharmacia Biotech AB, Sweden) with the separation 
range of MW 500-10 000 (based on dextran) was used as stationary phase for separation 
of the water-soluble Curdlan portion. The Sephadex 50 was suspensed in ultra pure 
water (18 MQ) was slowly poured into a glass column (26mm x 35mm) at room 
temperature. The prepared column was allowed to settle overnight before use. The 
water-soluble Curdlan sample was dissolved in minimum amount of deionized water 
and was applied on top of the column. It was eluated with a flow rate of ~20 ml/hour. 5 
ml of the eluent was collected in each fraction and totally 30 fractions were collected. 
The fractionated samples were lyophilized to solid for storage. 
2.2.3. Fractionation of water-insoluble Curdlan samples 
Sephadex G-75 superfine powder (Sigma Chemical Co., St. Louis. Mo.，USA) with the 
separation range of MW 1000-50 000 (based on dextran) was used as stationary phase 
for separation of the WATER-Insoluble Curdlan portion. The Sephadex 75 was 
suspensed in DMSO and was slowly poured into a glass column (28mm x 35mm) at 
room temperature. The prepared column was allowed to settle overnight before use. The 
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water-insoluble Curdlan sample was dissolved in minimum amount of DMSO and was 
applied on top of the column. It was eluated with a flow rate of ~ 4.0 ml/hour. 4.0 ml of 
the eluent was collected in each fraction and totally 40 fractions were collected. The 
fractionated samples were lyophilized to solid for storage. 
2.2.4. Phenol / Sulfuric Acid test 
Phenol-sulfuric acid test was used for monitoring the presence or absence of sugar 
content in a solution sample. Typically, 0.4 ml sample solution was mixed with 10{ih 
phenol solution (8 g/L) and 1.0 ml sulfuric acid. The solution mixture was shaken 
vigorously. An orange-yellow colour would be developed if the sample solution contains 
sugar content. The quantity of sugar can be estimated from the colour of the solution. 
The deeper is the orange color, the more is the sugar present in the solution. 
2.2.5. Sample Preparation in MS 
For analysis of water-soluble Curdlan samples, conventional protocols used for dextran 
analysis was adopted.(9i) For analysis of water-insoluble Curdlan, different sample 
preparation protocols have been evaluated. A drop-drying method at an elevated 
temperature of 70 °C was found to be the most effective sample preparation method in 
terms of the ease of obtaining analyte ion signals and the strength of analyte ion signal 
intensity. 
2.2.6. Calibration of MALDI-TOFMS 
The instrument was externally calibrated using a mixture of four protein standards, 
including angiotensin II，ACTH, insulin and equine cytochrome c. All protein standards 
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were obtained from Sigma Chemical Co. (St. Louis. Mo., USA). 2,5-dihydroxybenzoic 
acid (2,5-DHB) was purchased from Sigma Chemical Co. (St. Louis. Mo., USA) and 
was used as matrix in calibrating the MALD-TOFMS. The m/z error of calibration was 
keep within +/- 0.1. 
2.3. Data Analysis 
Polymeric compounds are generally defined by average molecular weight (i.e., number 
average molecular weight (Mn) and weight average molecular weight (Mw)) and 
polydispersity (P.D): 
= ” [2.3] 
M =#'•”')•"' �2 41 
P . Z ) ; 念 [2.5] 
where M, and is the molecular weight and number of molecules of the ion i. The 
average molecular weight information was calculated in a Microsoft Excel worksheet 
using the data extracted from MALDI spectra. Unless otherwise stated elsewhere, all 
spectra obtained in the project were a sum of 350 laser shots. A 10-point smoothing 
method was used to improve the signal-to-noise ratio in each spectrum. 
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Since refractometric and UV-VIS measurements are weight sensitive and the GCMS 
measurements are number sensitive, a standardization method should be used so that the 
results obtained from these studies could be directly compared. In the present project, 
the weight-average molecular masses were converted to number-averaged molecular 
mass by using the literature protocol.(”） 
cf c/vv � 
Area = d logM = 1 [2.6] 
J logM j 
• …u 舰 p ,, , . dXnM 
since amM = & t/logM = 
M 5 InlO 
Area = f d\n\0*M~^ =1 [2.7] 
ydlogM J 
dM • "M" [2.8] 
\ / \ / 
The data transformation was proceeded by using a Microsoft Excel worksheet and 
molecular weight information were obtained from MALDI-TOFMS experiments and the 




Optimization of MALDI Experimental 
Conditions for Analysis of Curdlan 
3.1. Introduction 
Despite of the large volume of published works on MALDI-MS analysis of protein and 
DNA-type biomolecules, relatively few reports have been related to the analysis of 
carbohydrates. Most of the relevant reports have also been concentrated on the analysis 
of oligosaccharides and water-soluble polysaccharides such as dextran and it's 
derivatives. Undoubly, one of the practical difficulties in the application of MALDI 
method for carbohydrate analysis has been the selection of appropriate mass 
spectrometry conditions. Unlike peptides/proteins, matrices found to be suitable for 
analysis of carbohydrates are relatively limited.(65，93’94’95) Among the reported effect 
matrices, 2,5-dihydroxybenzonic acid (DHB) remains as the most useful matrix used for 
polysaccharide analysis in MALDI-MS a n a l y s i s . ( 6 9 ) In comparison with other matrices, 
such as Sinapinic acid and a-CCA in Table 1.1, DHB produces spectra with better 
reproducibility, higher S/N ratios and fewer matrix-related low-mass ions. 
Developing better MALDI experimental conditions for polysaccharides by discovering 
new and more effective matrices is not trivial. Because of the limited understanding of 
the MALDI process, almost all matrices were discovered by trial-and-error. Large 
number of potential organic molecules have been evaluated and only a very few 
percentages have been found useful. For instance, Harvey et al. (^乃 has conducted a 
systematic study on dihydroxy- family of benzoic acid. Only 2,5-dihydroxybenzoic acid 
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was found to be effective. It was argued that DHB seems to be the only isomer that is 
capable of undergoing photo-induced decarboxylation to give para-benzoquinone. This 
photochemical reaction was claimed to responsible for the ionization. Alternatively, 
several reports have been published concerning the use of organic additives as 
comatrices for improving the efficiency of DHB matrix in polysaccharide analysis. 
Mohr et al.(95) has reported using of 1 -hydroxyisoquinoline (HIC) to co-crystallize with 
DHB for carbohydrate analysis and has reported an improvement in the sample 
homogeneity. Gusev et al.(96) has also reported that co-matrix can reduce the extent of 
ion fragmentation and improve the resolution of the mass spectra. Similar to the analysis 
of DNA fragments, Chan et a l ^ ) has also demonstrated that ammonium fluoride (NH4F) 
works equally well as co-matrix for DHB in dextran analysis. It was found to improve 
sample homogeneity and reduce the extent of ion fragmentation. 
This chapter is devoted to describe experiments that have been conducted in relation to 
the search and optimization of MALDI experimental conditions for analysis of Curdlan. 
As shown in subsequent section, Curdlan has been separated into water-soluble and 
WATER-Insoluble fractions. Therefore experimental conditions, that are suitable for 
work with aqueous medium (i.e., deionized water) and DMSO, have been evaluated, 
separately. 
3.2. Experimental 
~2000mg of Curdlan was separated into water-soluble and water-insoluble fraction 
using repeated deionized water extraction method as outlined in Section 2.2.1., Chapter 
2. The progress of the extraction process was monitored by assessing the sugar content 
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of the aqueous layer by using phenol/sulfuric acid test. A negative result indicates the 
completion of the extraction process.�100 mg of the lyophilized sample of the water-
soluble Curdlan fraction was dissolved in 2.0 mL of ultra-pure water to form the 
aqueous analyte solution.�100 mg of the lyophilized sample of the water-insoluble 
Curdlan fraction was dissolved in 2.5 mL of DMSO to form the non-aqueous analyte 
solution. 
3.2.1. Sample preparation method for analysis of water-soluble Curdlan 
The sample preparation method for analysis of water-soluble Curdlan is similar to that 
for dextran analysis.(9i) 20.0 mg DHB was dissolved in 1.0 ml ultra-pure water (18 1VK2) 
and ~7 mg of ammonium fluoride was dissolved in 1.0 mL ultra-pure water (18 MQ). 
DHB and NH4F solutions were mixed in 9 : 1 (v:v) to form the matrix solution. It was 
mixed with the analyte solution in 32 : 1 (v:v) in an eppendorf. 1.0 |LIL of the 
matrix/analyte solution was applied onto the sample plate and was dried under a stream 
f 
of warm air. 
3.2.2. Sample Preparation Methods for Analysis of Water-insoluble 
Curdlan 
Since there was no literature published method for analysis of sample using DMSO as 
solvent, a series of experiments has been designed to explore useful preparation 
protocol(s). 
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5.2.2. / . Aqueous DHB matrix 
20.0 mg DHB was dissolved in 1.0 ml ultra-pure water (18 to form the matrix 
solution. It was mixed with the non-aqueous analyte solution in 32 : 1 (v:v) in an 
eppendorf. The matrix : analyte ratio seems low compare with other investigators, 
however it is the optimal ratio in dextran analysis. 1.0 }xL of the matrix/analyte solution 
was applied onto the sample plate and was dried on a hot plate at �7 0 °C prior to mass 
spectrometry analysis. 
3.2.2.2. A queous DHB/NH4F matrix 
20.0 mg DHB was dissolved in 1.0 ml ultra-pure water (18 MQ.) and � 7 mg of 
ammonium fluoride was dissolved in 1.0 mL ultra-pure water (18 MQ). DHB and 
NH4F solutions were mixed in 9 : 1 (v:v) to form the matrix solution. It was mixed with 
the non-aqueous analyte solution in 32 : 1 (v:v) in an eppendorf. 1.0 juL of the 
matrix/analyte solution was applied onto the sample plate and was dried on a hot plate at 
� 7 0 °C prior mass spectrometry analysis. 
3.2.2.5. Non-aqueous DHB matrix (in DMSO) 
50.0 mg DHB was dissolved in 200 )LIL DMSO to form the matrix solution. It was mixed 
with non-aqueous analyte solution in 8 : 1 (v:v). 0.8 ]LIL matrix/analyte solution was 
applied onto the sample plate and was dried on a hot plate at �7 0 °C prior mass 
spectrometry analysis. It took about 15 minutes for complete dryness. 
3.2.2.4. Non-aqueous DHB/3AQ matrix (in DMSO) 
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50.0 mg DHB was dissolved in 200 juL DMSO and 20.0 mg of 3-aminoquinoline (3AQ) 
was dissolved in 100 juL DMSO. The dissolution of the matrix and co-matrix is 
sometimes assisted by sonication. 9.0 )LIL DHB was mixed with 3 )LIL 3AQ. The resulting 
matrix solution was mixed with the non-aqueous analyte solution in 8 : 1 (v:v). 0.8 juL 
matrix/analyte solution was applied onto the sample plate and was dried on a hot plate at 
~ 70 °C prior mass spectrometry analysis. 
3.2.2.5. A queous DHB/3A Q matrix 
20.0 mg DHB was dissolved in 1.0 ml ultra-pure water (18 MQ) and 8,0 mg of 3-AQ 
was dissolved in 1.0 ml ultra-pure water. The DHB and 3-AQ solution were mixed in 
40 : 1 (v:v) to form the matrix solution. The resulting matrix solution was mixed with 
the non-aqueous analyte solution in 10 : 1 (v:v). 0.8 \xL of the matrix/analyte solution 
was applied onto the sample plate and was dried on a hot plate at ~ 70 "C prior to mass 
spectrometry analysis. 
3.2.3 Fractionation of the water-soluble and WATER-Insoluble 
Curdlan 
Fractionation of the water-soluble and WATER-Insoluble Curdlan were achieved using 
gel permeation chromatography (GPC) with Sephadex G-50 and Sephadex G-75 
columns, respectively. Details of the column packing and solution flow rate were given 
in sections 2.2.2 and 2.2.3, Chapter 2. It is important to note that near identical volume 
of eluant was collected for different fractions. These fractions were lyophilized directly 
without further treatment. The relative concentration of polysaccharides among different 
fractions should therefore be retained by adding the same volume of solvent, i.e. ultra-
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pure water for water-soluble Curdlan and DMSO for water-insoluble Curdlan, for 
dissolution of the lyophilized samples in each individual fraction. 
3.3. Results and Discussion 
Preliminary attempt to dissolve Curdlan sample in ultra-pure water (18 MQ) resulted in 
the formation of a colorless gel with a supernatant aqueous layer of solution. Using the 
phenol/sulfuric acid test, both the aqueous and the gel-like layers contained carbohydrate 
components. It was envisaged that there might be two or more different types of 
polysaccharides within the Curdlan sample. Figure 3.1 shows a typical positive-ion 
MALDI mass spectrum of the crude Curdlan using a matrix system based DHB/3AQ in 
DMSO (see 3.3.1 for details). The crude Curdlan was dissolved in DMSO. Although the 
quality of the spectrum was not very good because of the strong signal background, two 
or more distribution of ion peaks can still be identified. This is consistent with the 
observation that the crude Curdlan is composed of a water-soluble and a water-insoluble 
fraction. To deconvolute the information, the Curdlan sample was then separated into a 
water-soluble fraction and a water-insoluble fraction using the repeated water extraction 
method as outlined in section 2.2.1., Chapter 2. The poor water solubility of p-1,3-
glucan is well-known and has been reported in literature.� In order to examine this class 
of polysaccharide using MALDI mass spectrometry, an effective sample preparation 
method must be developed. As an empirical pre-requisite for successful MALDI 
analysis, the polysaccharides should be dissolved in a solvent miscible with the matrix-
solution. It was believed that individual polysaccharide chain could be matrix-isolated in 
solid after solvent removal.(84) From literature, p-l,3-glucans were known to dissolve in 
two solvent systems, including 0.2 - 2.0 M aqueous sodium hydroxide (NaOH)(5，2o) and 
dimethyl sulfoxide (DMS0).(8) However, both solvents have previously been shown 
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unsuitable for use in MALDI analysis. The aqueous NaOH solution was not suitable for 




































































































matrices, elevation of the pH by using mineral bases has been shown to lead to 
complete quenching of the MALDI signals. It was postulated that the deprotonated 
matrix molecules would not have the essential photochemical properties for inducing 
ionization of the co-desorbed analyte molecules. For DMSO, the low volatility has led to 
the formation of a thin film and prohibited complete drying of the sample. This was 
shown to be detrimental for MALDI analysis.(98) Since the mechanism of MALDI 
process was not well understood, the problem(s) associated with the use of aqueous 
NaOH in MALDI analysis was believed to be more difficult and less trivial to handle 
than that of DMSO. Much effort has therefore placed on developing practical MALDI 
sample preparation protocol based on DMSO as solvent system. From a series of 
preliminary studies using different matrices, only 2,5-dihydroxybenzoic acid (DHB) was 
found to give signals corresponding to the p-l,3-glucans. All experiments described in 
subsequent sections were therefore confined to the methodology development based on 
DHB matrix system. For better assessment of the effectiveness of the matrix system(s), 
both water-soluble and water-insoluble Curdlan portions were further fractionated by 
using GPC method (see section 2.2.2 and 2.2.3, Chapter 2) into narrow-distributed 
fractions. Phenol/sulfuric acid test was used to assess the carbohydrate contents in each 
fraction. Among the 30 fractions collected from GPC of water-soluble Curdlan, only 
fraction number 9 to 14 were found to contain carbohydrates. For water-insoluble 
Curdlan, fraction number 7 to 17 gave positive responses to the carbohydrate test. It is 
note that the fraction number corresponds to the sequence of collection. Using GPC 
method, lower fraction number should be associated with analyte molecules of larger 
hydrodynamic volume (or molecular weight for a series ofhomologues). 
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3.3.1. Development of Matrix System for Analysis of Water-insoluble 
Curdlan 
In all experiments described in this section, the lyophilized water-insoluble Curdlan 
fractions was dissolved in 80.0 mL DMSO. Although the exact concentration of the 
Curdlan was not known, sample loading for a particular Curdlan fraction remained 
constant throughout the whole series of experiments. Different DHB matrix protocols 
were evaluated for use in MALDI analysis of this water-insoluble Curdlan fractions. 
Due presumably to the use of DMSO solvent, sample preparation took an unreasonably 
long time (> 24 hours) to dry under steam of air. Other different drying procedures have 
been evaluated including vacuum-assisted, high temperature assisted and a combination 
of two. It was found that sample prepared under an elevated temperature of ~ 70 °C 
provided the best sample in terms of time of preparation 15 minutes), sample 
homogeneity and analyte signal intensity. Sample prepared at low temperature required 
much longer time for preparation; whereas sample prepared at higher temperature 
resulted in extensive thermal decomposition. Vacuum drying was found to be less 
effective in removing trace amount of DMSO and resulted in sample with poor 
performance for MALDI analysis. 
Figure 3.2 shows the typical MALDI mass spectra of fraction 17 of the water-insoluble 
Curdlan prepared using different DHB matrix protocols. The spectra qualities differ 
quite dramatically from one matrix protocol to another. Figure 3.2a was obtained with a 
matrix solution composed of aqueous DHB only. A heavy distorted distribution of ion 
peaks was obtained. Detailed examination of the distribution of ion peaks revealed two 
structures. At high-mass region, one distribution of ion peaks was observed with a peak-
to-peak difference of 162 Da. The right insert expanded portion of the spectrum 
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Figure 3.2. Typical positive-ion MALDI mass spectra of fraction 17 of water-insoluble 
Curdlan using (a) 2，5-DHB matrix in Hfl (b) 2,5-DHB/NHJ^ matrix in Hfl, 
(c) 2,5-DHB matrix inDMSO, (d) 2，5-DHB/3AQ matrix inDMSO， 
(e) 2,5-DHB/3AQ matrix in Hfl. 
near m/z 4,500. This is consistent with the repeating unit of the p-l,3-glucan. At low-
mass region, two overlapping distribution of ion peaks were observed. Again, the peak-
to-peak difference among each series was 162 Da. The mass shift associated with two 
ion series was found to be 18 Da. Similar observation has been reported previously(w) 
and was attributed to the relative high acidity of DHB matrix. Thermal-assisted (by 
either conductive heating or laser-induced heating) was believed to cause on-probe 
acidic hydrolysis of the polysaccharides. Direct thermal decomposition was ruled out by 
subsequent experiments using similar drying temperature. Because of the 
inhomogeneous distribution of the sample crystals within the deposit, the spectral 
reproducibility was not good with sample prepared using this protocol. Most of the 
crystals were deposited at the peripheral of the initial sample droplet. Long needles of 
crystals were extended from the rim towards the center. Figure 3.2b was obtained with a 
matrix solution composed of a mixture of aqueous DHB and NH4F. Addition of 
ammonium fluoride has previously been shown to suppress fragmentation of dextran 
under similar conditions, i.e. with DHB matrix. However, it can be seen from Figure 
3.2b that addition of NH4F has little improvement in the quality of the spectrum, even 
though the sample homogeneity has been improved substantially. The poor performance 
of NH4F additive in Curdlan analysis was tentatively attributed to the low solubility of 
NH4F in DMSO. Upon removal of the solvent during the sample drying process, water 
should be evaporated prior to removal of DMSO. It was therefore expected that NH4F 
would segregate from the system when most of the water content was removed. Since 
DHB has a substantial solubility at DMSO, it would remain in the liquid phase and 
would lead to the usual cleavages of the polysaccharide chains during the sample drying 
and/or MALDI analysis. This hypothesis was evaluated by using a matrix solution 
composed of DHB in DMSO only. Figure 3.2c shows the corresponding MALDI 
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spectrum obtained. The similar spectral appearance, including the extent of 
fragmentation, in Figure 3.2b and 3.2c supported the above hypothesis. 
In recent MALDI-MS studies, 3-aminoquinoline (3AQ)(99a) matrix has been reported to 
work well for analysis of oligosaccharides.(loo) Good quality mass spectra with minimal 
fragmentation was observed. However, direct application of 3AQ as matrix for analysis 
of Curdlan fraction did not yield any usable spectrum. Since 3AQ is basic in nature and 
has a reasonably good solubility in D M S O ( > 20 mg per 100 )LIL), it was evaluated as a 
possible co-matrix for analysis of Curdlan fractions. Figure 3.2d shows the typical 
MALDI mass spectrum of fraction 17 of the water-insoluble Curdlan prepared using 
DHB/3AQ matrix system (see section 3.2.2.4 for details). Although the total intensity of 
the ion signal was reduced in general, the polysaccharide fragmentation was largely 
suppressed. The suppression of fragmentation was in consistence with the reduced 
acidity of the matrix system. It is probably worthy to note that the reduced ion signal 
intensity might also be associated with the increase in the percentage of ineffective 
matrix molecules due to the de-protonation process/^” A major drawback of this system 
was the long preparation time. In an attempt to reduce the loading of involatile DMSO 
onto the sample plate, the same matrix system was prepared using aqueous medium. 
With limited aqueous solubility of both DHB and 3AQ, their concentrations and their 
concentration ratios were re-optimized. Figure 3.2e shows the corresponding MALDI 
spectrum of fraction 17 using the optimized conditions (see section 3.2.2.5, Chapter 3) 
with DHB/3AQ prepared in aqueous medium. The spectral quality was found to 
resemble to that of DHB/3AQ in D M S O . No fragmentation of polysaccharide ions was 
registered. 
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Further evaluation of these two matrix systems was conducted to identify the best matrix 
system for use in subsequent analysis. They were used to analyze a higher mass Curdlan 
fraction. Figure 3.3 shows the positive-ion MALDI mass spectra of a high-mass Curdlan 
fraction using (a) DHB/3AQ in DMSO; and (b) DHB/3AQ in water. Using a higher 
mass fraction, matrix system based on DHB/3AQ in DMSO was found to give superior 
result than the one based on DHB/3AQ in water. Due presumably to the limited 
solubility, i.e. low matrix concentration, good performance of the latter matrix system 
was found to be limited to relatively low-mass Curdlan fractions. It was believed that 
substantial fragmentation of the polysaccharide chains was inducedd�” because of the 
insufficient number of matrix molecules per analyte. 
3.3.2. MALDI Analysis of Water-soluble & Water-insoluble Curdlans 
Figure 3.4a and 3.4b show the positive-ion MALDI mass spectra of water-soluble and 
water-insoluble Curdlan samples using matrix systems of DHB/NH4F in water and 
DHB/3AQ in DMSO, respectively. The water-soluble Curdlan was dissolved in ultra-
pure water and the water-insoluble Curdlan was dissolved in DMSO. In Figure 3.4a, two 
distributions of ion peaks were observed. A low-mass distribution started from m/z of 
700 to 2,700; whereas a higher mass distribution stretched from 2,700 to 4,200. The 
peak-to-peak differences in these distributions were both 162 Da confirming that the 
repeating unit is a hexose. The mass shift between these two distributions was found to 
be 16 Da. It was postulated that these two distribution have similar structures but with 
different end-groups. This was consistent with previous observations that the water-
soluble Curdlan contains heterogeneous structures.(卯）Using the sample preparation 



























































































































. 0 0 0 0 





Figure 3.3. Typical positive-ion m
ass spectra ofa high-m








































































































































































































































































ass spectra of (a) water-soluble 


















previous section for analysis of the water-insoluble Curdlan sample, a reason quality 
spectrum has been obtained (see Figure 3.4b). The polymer envelop started at m/z � 
4,000 and extended up to 15,000. The peak-to-peak difference was 162 Da and was 
consistent with the expected repeating unit (i.e. glucose) of p-l,3-glucan. The ion 
distribution in Figure 3.4b was slightly biased towards the low m/z region. Some signs of 
cleavages of polysaccharide chains were observed. However, the extent of fragmentation 
was insignificant. Based on this distribution, the number-averaged (Mn), weight-
averaged (Mw) molecular masses were found to be 8,261 and 9193，respectively. Based 
on the Mn and Mw values, the polydispersity (P.D.) of water-insoluble Curdlan was 
calculated to be 1.11. 
It was however unclear whether the water-soluble and water-insoluble Curdlan fractions 
belong to the same polysaccharide series. The cut-off point between these fractions was 
consistent with a notion that low-mass 3)-glucans with degree of polymerization 
(D P.) less than 25 (equivalent to a cut-off mass of 4000 Da) are w a t e r - s o l u b l e ; 。 ？ ） 
whereas high-mass P-l,3-glucan (D P. > 25) are only soluble in aqueous NaOH solution. 
3.3.3 MALDI Analysis of Fractionated Water-soluble & Water-
insoluble Curdlans 
Recalling from sections 2.2.2 and 2.2.3，the water-soluble and WATER-Insoluble 
Curdlan portions have been fractionated using gel permeation chromatography. Thirty 
fractions were collected for the water-soluble Curldan and fractions 9 to 14 were shown 
to contain carbohydrate components. For water-insoluble Curldan, forty fractions were 
collected and fractions 7 to 17 were shown to be have positive responses to 
phenol/sulfuric acid test. These Curdlan fractions were separately analyze using 
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MALDI-TOFMS. Figure 3.5(a-c) show the positive-ion MALDI mass spectra of water-
soluble fractions 14，12 and 10, respectively. It was found that the different fractions 
(from 14-10) show a progressive change in the low-mass polymer distribution. This 
finding is consistent with the expected GPC fractionation. It was also noted that the 
high-mass distribution behaves differently from the low-mass one. Based on the elution 
time and the molecular weight, the polysaccharides in the high-mass distribution was 
found to move faster than the polysaccharides in the low-mass distribution. This implies 
that the polysaccharides in both distributions are likely to have different structures or 
end groups. 
Figure 3.6(a-e) show the positive-ion MALDI mass spectra of DMSO-soluble fractions 
18, 16，14 and 12，respectively. Consistent with the expected GPC fractionation, a 
progressive changes in the polysaccharide envelopes was observed with the high-mass 
components eluting at a faster rate (i.e. with smaller fraction number). In fraction 12，the 
polysaccharide chains extended to m/z around 20,000. Table 3.1 summarizes the GPC 
retention time, measured Mn, Mw and P.D. information for fractions with positive 
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Figure 3.6. Positive-ion MALDI mass spectra of fractionated water-insoluble Curdlan 
using 2,5-DHB/3AQ matrix in DMSO，(a) fraction 18，(b) fraction 16， 
(c) fraction 14，(d) fraction 12 
Table 3.1. Retention time and the measured molecular weight information for  
water-insoluble Curdlan fractions (small-scale preparation)  
Fraction No. Retention Phenol /Suljuric Mn Mw P.D. 
Time /hr Acid Test 
7 7 —  —  —  
8 8 + 
9 9 + -
10 10 + ~ - ~ 
11 11 + -- -- --
12 12 + 13,051 13,317 1.02 
13 13 + 10,660 11,065 1,04 
14 14 + 8,741 9,020 LOS 
15 15 + 7,313 7,522 1.03 
16 16 + 6,253 6,443 1.03 
17 17 + 5,294 5,425 1.02 
18 18 - 4,608 4, 735 1.03 
"Not detected 
From the table, it can be seen that MALDI-MS gave only useful spectra for fractions 12 
to 18. Despite of the positive responses to the carbohydrate test, fractions 7 to 11 gave 
no useful MALDI spectra. It was unclear if the negative MALDI results for fractions 7 
to 11 was originated from the small amount of the high-mass polysaccharides or from 
the poor performance of the MALDI-TOFMS for high-mass molecules. Figure 3.7 
shows the re-constructed molecular weight profile of the water-insoluble Curdlan from 
data obtained using MALDI-TOFMS. The relative intensity was extracted directly from 
the MALDI mass spectra and the mass information was obtained from the calculated 
number-average molecular weight. From Figure 3.7，the overall Mn, Mw and P.D. for 
































































Figure 3.7. The reconstructed 
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interesting to note the similarity of the values obtained from direct MALDI analysis of 
unfractionated water-insoluble Curdlan. 
Figure 3.8 shows a plot of In (Mn) of each fraction against GPC elution time, where Mn 
was the number-average molecular weight of the polysaccharide fraction measured 
using MALDI-TOFMS. As expected from chromatographic theory, a good correlation 
exists between the In(Mn) and the GPC retention time. The correlation coefficient was 
ry 
exceptional good (r = 0.996). 
3.4. Conclusion 
Effective matrix systems have been developed for analysis of water-soluble and water-
insoluble Curdlan samples (p-l，3-glucan). Conventional effective matrix system for 
dextran (p-l,6-glucan) was found to work equally well with water-soluble Curdlan. For 
analysis of water-insoluble Curdlan, a DMSO based preparation was developed. It 
involves dissolution of the water-insoluble Curdlan into pure DMSO. Among those 
matrix systems tested (mention in pages 30 &31), DHB/3AQ in DMSO was found to 
give good quality MALDI mass spectra of water-insoluble Curdlan. A key factor for 
using DMSO as solvent system was the complete removal of the involatile DMSO 
solvent prior to MALDI analysis. A sample preparation based on drying the sample 
mixture at an elevated temperature of ~ 70 C was found to produce MADLI samples 
with good sample homogeneity and good shot-to-shot reproducibility. 
The water-soluble Curdlan was believed to have two types polysaccharide chains with 


















































































Curdlan shows a single envelop of polysaccharide peaks. The number-averaged (Mn), 
weight-averaged (Mw) molecular masses and polydispersity (P.D.) were found to be 
8,261, 9193 and 1.11, respectively. Similar values were obtained from MALDI analysis 
fractionated water-insoluble Curdlan samples. However, it was noted that only the 
fractions that were collected at long retention time in GPC (i.e. relatively low-mass) 
could produce signals in MALDI analysis. Many low retention time fractions with 




Measurement of Molecular Weight and 
Molecular Weight Distribution of Water-insoluble 
Curdlan 
4.1. Introduction 
Natural polysaccharides isolated from plants have masses ranging from a few kilo- up to 
mega-Daltons and are usually highly dispersed. Because of the saturated skeleton of the 
building block, such as glucose and galactose, polysaccharides do not normally carry 
any chromophores and are transparent to many spectroscopic techniques. The high 
density of hydroxyl functional groups within the polysaccharide chain has usually led to 
extensive intramolecular hydrogen bonding. Together with their high-mass nature, 
polysaccharides are normally sparingly soluble in acidic and neutral aqueous medium. 
The multiple linking properties of the repeating sugar unit have also resulted in diverse 
structural properties, such as the linear and helical chains, two- and three-dimensional 
cross-linked networks. Therefore, the solution conformation and hydrodynamic volume 
of one type of polysaccharides is therefore unlikely to resemble the other type. 
Development of analytical methods for characterization of polysaccharides is therefore a 
very challenging task. 
In the previous Chapter, we have successfully developed and optimized experimental 
protocols for analysis of both water-soluble and water-insoluble fractions of Curdlan. 
For water-soluble Curdlan, the MALDI results on the fractionated samples were found 
to be consistent with that obtained from the phenol/sulfuric acid test. Fractions with 
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positive responses in phenol/sulfuric acid test were shown to give MALDI ion signals 
corresponding to different oligomers of the polysaccharide. As determined from the 
MALDI results, the mass range covered in the un-fractionated water-soluble Curdlan 
was similar to that covered by the sum of the fractionated samples. However, situation 
was quite different for water-insoluble Curdlan. Only the low-mass portion of the 
fractionated samples were found to give positive responses in both MALDI and 
phenol/sulfuric acid tests. Many of the expected high-mass fractions were only revealed 
in phenol/sulfuric acid. Although the overall molecular weight information (Mn, Mw 
and P.D.) obtained from the MALDI analysis of the un-fractionated water-insoluble 
Curdlan was found to resemble to those obtained from the fractionated samples, the 
mass range covered by the latter analysis was significantly larger. These inconsistencies 
have indicated that further investigation was needed to clarify the reliability of the 
results obtained. 
Several studies have been focused on the examination of the reliability of the MW and 
MWD measurements of polymeric materials by M A L D I - T O F M S . ^ ’ 102,103) has been 
shown that MADLI method can reliably generate MW and MWD information for 
polymers with narrow distribution, i.e. P.D. < 1.2.(i�4) Substantial mass discrimination 
was observed for highly dispersed samples.do�）Many factors have been identified for 
leading to the observed mass discrimination. Instrumental parameters include 
acceleration potential, ion-electron conversion efficient of the detector and detector 
saturation.(85，io6，io7，io7) intrinsic properties of the MALDI process, such as formation of 
multimers, multiply-charged ions, charge-carrier effects, have also been shown to cause 
discrimination in polymer analysis.(io9) More recently, sample drying process has also 
been shown to cause stratification of sample along the crystal lattice.(9i) High-mass 
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components were believed to deposit from the solution prior to the low-mass 
components due presumably to their solubility differences. For polymer samples with 
small polydispersity (<1.2), the significance of these factors was not high. However, as 
the polydispersity of the polymer increases (> 1.2)，the effect of these factors becomes 
important. These mass discrimination effects would eventually lead to distortion of the 
peak distribution toward low-mass region and truncation of the high-mass signals. 
Since the measured polydispersity of water-insoluble Curdlan was unexpected narrow 
and there seems to be a sign of high-mass truncation in the MALDI measurement of the 
un-fractionated water-insoluble Curdlan, the possible occurrence of mass discrimination 
effects and hence the reliability of the MW, MWD and P.D. results required further 
clarification. However, little was known about the true MW and MWD of the naturally 
isolated Curdlan and certified Curdlan standard was not commercially available. 
Independent assessment of the true MW and MWD of Curdlan by means of other 
analytical methods was very difficult to achieve. 
In order to circumvent the situation, we have derived a rather complicated analytical 
scheme to assess the true MW and MWD of the water-insoluble Curdlan. This analytical 
scheme combines the analytical advantages of three different techniques, including gel 
permeation chromatography (GPC), MALDI-MS and a quantification technique. GPC 
allows the separation of a polymer into many fractions with the polydispersity of each 
fraction being much smaller than the original un-fractionated polymer. MALDI analysis 
of the narrow dispersed polymer fractions provides the accurate molecular mass 
information for each fraction. It was conceived that MALDI method might fail to 
analyze very high molecular polymer fractions, their masses were obtained by 
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extrapolation from a plot of the ln(Mn) versus the GPC retention time using the 
available data obtained. From the section 3.3.3, Chapter 3，very good correlation has 
been demonstrated for the ln(Mn) and the GPC retention time. Although extrapolation of 
data is undesirable in most cases, it should still provide a good estimate of the Mn of the 
high-mass fractions that are beyond the capability of the current MALDI measurement. 
By suitably quantify the relative abundance of polysaccharides among different fractions, 
the true polysaccharide distribution should be obtained by plotting the relative 
abundance versus the average molecular mass of each fraction. In the present studies, 
three different quantification techniques have been employed. They include 
refractometry (RI), ultraviolet-visible absorption spectrometry (UV-VIS) and gas 
chromatography mass spectrometry (GCMS)). Each of these techniques has its unique 
features. Comparison of their results would provide additional information on the water-
insoluble Curdlan. 
4.2. Experimental 
4.2.1. Gel permeation chromatography of water-insoluble Curdlan 
Conditions for GPC separation of the water-insoluble Curdlan have been described in 
section 2.2.2. In order to ensure enough quantity of sample in each fraction for all 
measurements (MALDI-MS, RI, UV-VIS and GC-MS), five fractionations were 
performed using a newly-packed GPC column. Suspended Sephadex 75 in DMSO was 
packed to give a column of dimension (28 mm x 35 mm). The sample was eluted with a 
flow rate of �2 . 0 ml/hour. 2.0 ml was collected in each fraction and totally 45 fractions 
were collected. The fractionated samples were lyophilized to solid for storage. ~100 mg 
of water-insoluble Curdlan dissolved in 2.5 mL of DMSO and was loaded onto the GPC 
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column. Sample loading was kept constant in all fractionation runs. Particular attention 
has also been paid to ensure the use of consistent flow rate. Selected fractions from each 
GPC fractionation were cross-checked with MALDI-MS for consistent separation. To 
ensure that all other measurements were conducted using identical polymer fractions, 
same fraction number of different GPC runs were mixed in solution and were separated 
into 4 portions with volume ratios of 6 : 1 : 1 : 24 (based on the required loading of each 
technique) for MALDI-MS, UV-VIS, GCMS and RI measurements. These portions 
were lyophilized separately for later use. 
4.2.2. Matrix-assisted Laser Desoption/Ionization (MALDI) Mass 
Spectrometry 
The lyophilized Curdlan fractions were dissolved in 70 juL DMSO. Identical MALDI-
MS experimental protocols described in section 3.2.2.4’ Chapter 3 was used. 
4.2.3. Ultra-violet Absorption Spectrometry (UV-VIS) 
The lyophilized Curdlan fractions were dissolved in 60 jiiL IM NaOH solution and 
further diluted to 10 mL by ultra pure water (18 MQ). Each sample solution was then 
mixed with 10 mL phosphate buffer (pH 7) containing 25.0 mg aniline blue. The 
mixture was allowed to stand for ~2 hours at room temperature prior to UV-VIS 
analysis. All measurements were performed in triplicates to reduce the measurement 
errors. 
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4.2.4. Refractometry Analysis (RI) 
The lyophilized Curdlan fractions were dissolved in 200 |LIL 1M NaOH solution. The 
refractive indices of the sample solutions were measured with pure 1 M NaOH solution 
as control. To calibrate the RI responses with respect to the Curdlan molecular weight 
and concentration, reference solutions of un-fractionated water-insoluble Curdlan, high-
mass and low-mass fractionated Curdlan were prepared with concentration ranging from 
6,250 ppm to 50,000 ppm. The RI of these reference solutions were measured at the 
same time as the sample solutions to minimize the effect of temperature fluctuation on 
the refractive index readings. All measurements were performed in triplicates to reduce 
the measurement errors. 
4.2.5. Gas Chromatography Mass Spectrometry (GCMS) 
The lyophilized Curdlan fractions were dissolved and hydrolyzed in 200 \iL 4M TFA 
for 30 minutes in a sealed vial at 120�C. After hydrolysis reaction, excess TFA was 
removed by purging the sample by a steam of nitrogen at �2 . 0 mL/min. The hydrolyzed 
Curdlan samples were derivatized using trimethylsilylation (TMS). The hydrolyzed 
Curdlan samples were dissolved in 500 juL pyridine with vigorous shaking and/or 
sonication. 200 ^L and 100 juL of hexamethyldisilane (HMDS) and 
trimethylchlorosilane (TMCS) were added, respectively. The mixtures were shaken 
vigorously for �1 . 0 minutes and were allowed to stand overnight to ensure complete 
derivatization of the sample. The final TMS-derivatized solutions were centrifiiged for 1 
minutes. 10.0 JUL of the supernatant liquid was extracted and diluted with 990.0 |LIL 
pyridine. 200 juL of the sample solutions were then placed in sealed vials for GCMS 
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analysis. For all sample fractions, 1.0 juL of the sample solution was extracted and 
injected into the GCMS system using a built-in autosampler. Autosampler was used to 
reduce measurement uncertainties associated with manual injection. The injector 
temperature was set at 80 °C, normally, the injector temperature should be set to a higher 
value that the final elution temperature in order to ensure that all of the analyte is 
evaporated at the start of the analysis. Temperature gradient was used to reduce the time 
for chromatographic separation and improve the separation efficiency. The column is a 
standard DB5 column with a column length of 30.0 m. The column oven was set at 80 
for the first 5 minutes. The temperature was then raised to 250 °C at a rate of 20 
°C/min and was kept at 250 for another 5 minutes. The total analysis time was 11 
minutes. The mass spectrometry detector was turned off in the first 6 minutes to avoid 
the large solvent peak. The detecting mass range was set to m/z 50 - 400. 
4.3. Results 
4.3.1. MALDI Analysis 
Table 4.1 summarizes the retention time and the measured molecular weight information 
for the same batch of fractionated water-insoluble Curdlan fractions. 
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Table 4.1. Retention time and the measured molecular weight information for  
water-insoluble Curdlan fractions (large-scale preparation)  
Fraction Retention M„ Mw P.D. ln(Mn) Calculated 
No. Time /hr Mn 
15 15 - - - - 81258.72 
16 - - - -- 71857.15 
“ “ “ “ “ “ 63543.33 
18 - -- “ -- 56191,42 
19 19 - - -- - 49690.11 
20 20 - -- - - 43941.01 
21 - - - - 38857.07 
22 - - - - 34361.33 
23 23 - - -- -- 30385.75 
24 24 - -- -- - 26870.14 
25 25 -- - “ “ 23761.29 
26 26 - - - - 21012.13 
27 27 - -- “ -- 18581.04 
2 8 2 技 “ “ “ - 1 6 4 3 1 . 2 3 
29 � “ “ “ “ 14530.15 
30 - - -- - 12849.02 
31 - -- - - 11362.4 
32 32 10,115 11,701 1.16 4.005 10047.78 
33 33 9,030 9,972 1.10 3.956 8885.257 
34 34 7,960 8,738 1.10 3.901 7857.24 
35 35 7,048 7,507 1.07 3.848 6948.163 
•36 36 6,202 6,574 1.06 3.793 6144.266 
^^ -- - -- “ 5433.379 
38 ^^ “ “ - - 4804.741 
39 - - - -- 4248.836 
40 40 -- -- “ - 3757.249 
a ii " " “ 3322.538 
®Not detected “ 
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Because of the use of a new packed column, the polysaccharides were found in rather 
different fraction numbers. Figure 4.1 shows a the corresponding plot of In(Mn) of each 
fraction against GPC elution time, where Mn was the number-average molecular weight 
of the polysaccharide fraction measured using MALDI-TOFMS. A good correlation 
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4.3.2. Ultraviolet-Visible Absorption Spectrometry (UV-VIS) 
Quantification using UV-VIS absorption spectrometry relies on the Beer's law: 
A=Ebc [4.1] 
where A is the absorbance of the sample, s is the molar absorptivity, b is the path length 
in cm and c is the concentration of the sample solution. In order to satisfy the Beer's law, 
some important issues must be settled in the present study. Similar to most 
polysaccharides, Curdlan do not posses any chromophores at ultraviolet and visible 
regions. A method for inducing absorption at UV-VIS region was needed and the 
associated absorbance should depend solely on the concentration of the Curdlan and 
independent of the molecular weight of the sample under well-controlled experimental 
conditions. The method should also be selective towards 1-3-linked glucans as the 
Curdlan sample might be contaminated by other residual polysaccharides, such as 
cellulose from the cell wall. Among various staining reagents for 
polysaccharides,^'io,11112) Aniline Blue was selected as dying reagent because of it's 
excellent selectivity towards 1,3-linked glucans. 
The active ingredient 'm Aniline Blue has previously been identified as siroflour (sodium 
carbonyl-bis(4-(phenyleneamino)benzenesulfonate)).(ii3-"6) The structure of this 
compound was illustrated in Appendix C. The binding affinity of Aniline Blue was 
found to depend critically on the conformation of the p-l，3-glucans.(i6) Aqueous NaOH 
was chosen as solvent in the present study for induce the single helical conformation of 
p-1,3-glucans which was found to be stained well with Aniline Blue. (i6) Since there was 
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some concerns over the dependence of the binding affinity oi Aniline Blue on the degree 
of polymerization, a preliminary experiment was conducted to analyze the dependence 
of the absorption behavior of Aniline Blue stained Curdlan on the mass of the 
C w r 血 力 Figure 4.2 shows the changes of absorption at 590 nm of Aniline Blue 
stained Curdlan samples at different concentrations. Unfractionated water-insoluble 
Curdlan, a low-mass fraction and a high-mass fraction were used. It was found that three 
Curdlan samples gave almost identical absorption responses at different concentration. 
Good linearity was also observed in the concentration range investigated. 
Figure 4.3 shows the reconstructed molecular weight profile of water-insoluble Curdlan 
using the UV-VIS absorption and the calibrated (and the extrapolated) molecular mass 
information obtained in Table 4.1. Unlike the MALDI results, the molecular weight 
profile obtained in Figure 4.3 extends from �4，000 up to �150，000 Daltons. The 
average molecular weight information, i.e. Mn, Mw and P.D. were calculated to be 
22,768, 31,137 and 1.37, respectively. 
4.3.3. Refractometry Analysis (RI) 
Refractive Index measurement is perhaps one of the most commonly used detection 
method for online GPC monitoring of the carbohydrate s e p a r a t i o n . � 8) The refractive 
indices of different solvents were known to have different sensitivities toward the 
sample concentration. Preliminary experiments were to evaluate the performance of 
aqueous IM NaOH and DMSO for refractometric analysis oiCurdlan. Figure 4.4 shows 
the dependence of the refractive index on the concentration of the un-fractionated water-
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gives higher gradient and hence sensitivity towards the Curdlan concentration/^^^^ It was 
then employed as solvent system for subsequent experiments. 
Figure 4.5 shows the changes of refractive index of the samples at different 
concentrations. Unfractionated water-insoluble Curdlan, low-mass fraction (Mn � 
17,000), medium-mass (Mn ~ 28,900) and high-mass fraction (Mn �37 ,076) were used. 
It was found that four Curdlan samples gave almost identical refractive index responses 
at different concentration.)， )^ Good linearity was also observed in the concentration 
range investigated (upto 50,000 ppm). Figure 4.6 shows the reconstructed molecular 
weight profile of water-insoluble Curdlan using the refractive index measurements and 
the calibrated (and the extrapolated) molecular mass information obtained in Table 4.1. 
Similar to the UV-VIS results, the molecular weight profile obtained in Figure 4.6 
extends from � 2 , 0 0 0 up to ~ 160,000 Daltons. The average molecular weight 
information, i.e. Mn, M^ and P.D. were calculated to be 20,919, 30,220 and 1.44， 
respectively. 
4.3.4. Gas Chromatography Mass Spectrometry (GC-MS) 
Direct analysis of the of polysaccharide content in the water-insoluble Curdlan fractions 
using gas chromatography mass spectrometry method was determined impossible due to 
the involatility and thermal liability of the high molecular weight polysaccharides. One 
possible way to overcome this difficulty was to break down the polysaccharides in each 
t 
fraction into their monomer(s) with subsequent derivatization of the labile hydroxy 
groups to their thermally stable derivatives.(120) Through the GCMS analysis of the 
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within each Curdlan fraction could be obtained by integrating the areas of related 
peak(s).-The relative polysaccharide concentration could then be computed by dividing 
the sum of the GCMS peak areas by the average number of sugar unit per 
polysaccharide within a particular Curdlan fraction. The latter information could be 
approximated by dividing the MALDI measured average molecular weight (or 
extrapolated values from Figure 4.1) with the mass of the repeating unit, i.e. 162 in the 
present case. 
Since the whole quantification process involved multiple steps, evaluation of efficiency 
and optimization of experimental procedure were needed for each step. A convenient 
scientific approach was to evaluate and optimize the last procedure and work backward. 
Derivatization procedure and GCMS conditions were evaluated iteratively. 
Commercially glucose was used a test sample. Procedures for standard sugar 
derivatization reactions, including methylation/m) acetylation(i2i) and 
trimethylsilylation,(i23,i24，i25) were available in literatures.(�26) Trimethylsilylation was 
chosen in the present study because of the short reaction time, simplicity of the 
derivatization procedure and the thermal stability of the resulting products. The 
trimethylsilylated sugar product could be directly injected into GCMS without further 
treatment(127,128) Figure 4.7 shows a typical ion chromatogram for the GCMS analysis of 
the trimethylsilylated glucose solution using the conditions stated in section 4.2.5, 
Chapter 4. Complete resolution of the a- and p- derivatized anomers of glucose was 
obtained. Similar to literature findings, a-anomer was found to have a shorter 
chromatographic retention time. Figure 4.8 shows a calibration plot of summation of the 
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Figure 4.8. A calibration plot of the sum
m
ation of areas of the related G
CM
S peaks versus glucose 
loadings. 
found demonstrating the linear responses of TMS derivatization procedure as well as the 
GCMS analysis at the range of glucose concentration used. 
After settling the conditions for derivatization and GCMS detection, the hydrolysis 
procedure of Curdlan was studied. Among various useful acids for hydrolyzing 
polysaccharides，(i29) sulfuric acid has been used extensively due presumably to the 
simplicity of the reaction arrangement and absence of side products. However, the 
necessity of removing the residue sulfuric acid in the present case has led to a more 
complicated issue. Since sulfuric acid is relatively involatile, its removal was achieved 
by neutralizing and precipitating with hydrogen carbonate. The subsequent filtration was 
found to cause severe sample loss. To simplify the procedure and to reduce sample loss, 
trifluoroacetic acid (TFA) was used. TFA is a very volatile acid, the residual acid could 
be removed simply by purging the system with dry nitrogen. The hydrolysis reaction 
could be performed in a sealed tube at an elevated temperature.(i3o，i3i，i32) N q special 
reaction set up was required. In the hydrolysis reaction, the acid strength, reaction 
temperature and reaction time were evaluated to ensure linear and optimized response 
for different Curdlan loadings and different molecular weight distributions. Figure 4.9 
shows plots of hydrolysis responses versus the reaction time using different 
concentrations of TFA. The reaction temperature was maintained at 1 2 0 � C and the 
Curdlan loading was 0.5 mg. The optimized derivatization and GCMS conditions were 
used. As expected, the higher was the concentrations of TFA, the faster was the 
observed rates of hydrolysis. However, there were only slight differences among 4，6， 
and 8 M TFA. Almost the same degree of hydrolysis was achieved at around 25-30 
minutes of reaction time. 2 M TFA was found to require much longer time ( � 2 hours) to 
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Curdlan using different concentrations 
of trifluowacetic 
acid (TEA). 
the reaction time beyond the optimum was undesirable due presumably to the 
hydrolysis of the less reactive sugar rings. 4 M TFA was chosen for subsequent 
experiments because of the relatively low degradation rate. 
The impact of the average molecular weight of Curdlan on the hydrolysis reaction was 
also studied. Figure 4.10 shows plot of hydrolysis responses versus the reaction time for 
medium-mass and high-mass water-insoluble Curdlan samples. The reaction 
temperature was maintained at 120 °C and the Curdlan loading was 0.5 mg. The 
optimized derivatization and GCMS conditions were used. Medium-mass Curdlan was 
found to attain optimum hydrolysis responses prior to the high-mass Curdlan. Because 
of the undesirable on-set of degradation of the sugar ring，excess reaction time could not 
be used. Ideally, one might construct a mass dependent correlation table for Curdlan of 
different masses. For simplicity, an approximation was made to use a reaction time of 
30 minutes for all Curdlan fractions. It was assumed that the reduction of signal due to 
further degradation for low-mass Curdlan samples were compensated by the incomplete 
hydrolysis of the high-mass Curdlan samples. Figure 4.11 shows a calibration plot of 
summation of the related GCMS peak areas versus the Curdlan loadings. Good linearity 
was found demonstrating the linear responses of all procedures involved at Curdlan 
loading up to 2 mg. 
Figure 4.12 shows the reconstructed molecular weight profile of water-insoluble 
Curdlan. The y-axis was computed from using GCMS responses, the calibration plot in 
Figure 4.13 and the calibrated (and the extrapolated) molecular mass information 
obtained in Table 4.1. The calculation method has been outlined in the first paragraph of 
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Figure 4.13. A calibration plot of the sum
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molecular mass information obtained in Table 4.1. The average molecular weight 
information, i.e. Mn, Mw and P.D. were calculated to be 24,287，33,587 and 1.38， 
respectively. 
4.4. Discussion 
Table 4.2 summarizes the molecular weight information obtained for water-insoluble 
Curdlan using different analytical approaches. It was clearly demonstrated that the 
values obtained by MALDI-MS methods (with and without fractionation) were 
unreliable. This was consistent with the fact that the polydispersity of the water-
insoluble Curdlan was much higher than the acceptable range for MALDI analysis (P.D. 
»1 .2 ) . Although fractionation could reduce the MW and MWD measurement bias due 
presumably to the favorable competitive desorption / ionization of the low-mass 
components and the problems associated with the on-probe fractionation, the vast 
differences in the non-competitive desorption / ionization efficiencies and detection 
efficiencies among components of high mass differences have led to large errors in the 
MW and MWD measurements. On the other hand, the use of more conventional 
methods for quantification have led to rather similar results. The molecular weight 
information, Mn, Mw and P.D., for water-insoluble Curdlan were ~ 22,000 Da ,�31 ,500 
Da and �1.4，respectively. 
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Table 4.2. A summary of the molecular weight information obtained for water- 
insoluble Curdlan using different analytical methods  
Method Mn /Da Mw /Da P.D. 
MALDI analysis of unfractionated Curdlan 8,261 9,193 1.11 
MALDI analysis of fractionated Curdlan 7,632 8,206 1.08 
UV-VIS 22,768 31,137 1.37 
Refractometry 20,919 30,220 1.44 
GCMS 24„287 33,587 1.38 
In order to make a visual comparison on the polysaccharide distribution obtained using 
the UV-VIS, refractometry and GCMS analysis, a method of standardizing the 
information was needed. Since the signals obtained from UV-VIS and refractometry 
methods were weight-sensitive, they were converted to number-sensitive values by using 
the equations published by Byrd and co-workers(%) as shown in section 2.3, Chapter 2. 
Figure 4.14 shows the reconstructed molecular weight profiles of water-insoluble 
Curdlan using different detection approaches. The profiles obtained by UV-VIS and 
refractometry matched very well. The profile obtained with GCMS was a slight upshift 
in masses. This shift in the distribution was tentative attributed to the problem associated 
with the hydrolysis reaction of the Curdlan samples. As demonstrated in previous 
section (section 4.3.4), the optimal time for hydrolysis was different for different 
molecular weight Curdlan samples. Using a reaction time longer than the optimal for a 
particular Curdlan sample would lead to degradation of the hydrolyzed products. The 
use of a standardized value of 30 minutes would cause more degradation loss in low-
mass fraction than high-mass fraction. This effect would then exemplified as a shift in 
distribution due to the normalization of data. With the allowance being given to the 
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obtained by these three independence methods were comparable and were in agreement 
with each other. Of course, it was necessary to emphasis that the x-axis of these plots 
were extracted and extrapolated from the MALDI analysis of the fractionated, narrow-
distributed Curdlan samples. The validity of these measurements and extrapolation 
procedure might cast some uncertainties in the molecular profiles obtained. From 
various literature reports/^ '^^ ^^ '^^ ^^ the accessible mass range of the instrument and the 
linearity of the calibration plot (see Figure 4.1)，the MALDI measurements should be 
fairly reliable. With the extra caution in preparing the fractionation column and 
monitoring the flow rate of the eluant, extrapolation from the calibration plot should 
give a reasonable approximation. 
Among the three quantitative approaches, UV-VIS method was recommended over the 
other two. Although refractometric analysis was simple in operation, it did require 
relative high concentration of sample. Sensitivity was compromising the efficiency of 
the method. For GCMS analysis, sensitivity was very high. However, the complexity of 
the procedure and more importantly the problems associated with degradation of the 
hydrolyzed products with extended reaction time have led to rather large uncertainty in 
the molecular weight profile obtained. For UV-VIS analysis, the staining procedure was 
simple and sensitivity. Very little amount of sample was required. The selectively of the 
staining reagent should also be an added advantage in some studies. 
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4.5. Conclusion 
The molecular weight profile of water-insoluble Curdlan was mapped by using different 
analytical approaches. MALDI-TOFMS alone was found to give inaccurate information. 
However, when this method was used with GPC fractionation, it provides an effective 
mean of mass calibrating the retention time of the GPC elution. With quantification 
techniques, such as UV-VIS, refractometry and GCMS, reliable molecular weight 
profile of water-insoluble Curdlan was obtained. Within the certainty of measurement, 
the molecular weight information, Mn, Mw and P.D. were � 2 2 , 0 0 0 Da,�31，500 Da 




As a part of the long-term development program for characterization of polysaccharides 
isolated from herbal medicines, the molecular weight (MW) and molecular weight 
distribution (MWD) information of a commercially available extracellular 
polysaccharides, Curdlan, were evaluated using a variety of analytical approaches. 
Curdlan was known to compose mainly p-(l->3)-glucan and has anti-tumor activity. 
Similar to the situation encountered in many ''real-world" studies, no appropriate 
reference standard was available. Based on the dissolution properties, Curdlan was 
divided into a water-soluble and a water-insoluble portion. Using direct MALDI-
TOFMS analysis with typical sample preparation protocol for analysis of dextran (a 
water-soluble p-(l—>6)-glucan), the water-soluble was shown to compose of two low-
mass (< 4,000 Da) polysaccharide distributions differing by 16 Da. For analysis of 
water-insoluble Curdlan, a new and effective sample preparation protocol was 
developed. This protocol involves the deposition of a solution mixture of the analyte, 
2,5-dihydroxybenzoic acid (DHB) and 3-aminoquinoline (3AQ) in DMSO at an elevated 
temperature of 70 °C. However, direct measurements of the MW and MWD 
information for water-insoluble Curdlan using MALDI-TOFMS were found to be 
unreliable due presumably to the large differences in the desorption / ionization and 
detection efficiencies among components of different masses. GPC fractionation of the 
water-insoluble Curdlan into narrow-distribution fractions did not improve the situation. 
Nevertheless, MALDI-TOFMS was found useful in mass calibrating the elution time for 
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the GPC fractionation without any need for reference materials. Using this information 
in combination with some conventional quantification methods, characterization of the 
MW and MWD of the water-insoluble Curdlan was achieved. Common quantification 
methods, such as refractometry, UV-VIS (with proper staining) and GCMS (with 
hydrolysis and proper derivatization), were shown to give similar results. The measured 
Mn, Mw and P.D. were found to be 22,000 Da, 31,500 Da and 1.4，respectively. 
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of raw data used for graph plotting 
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